This paper investigates the design of spacecraft attitude stabilization controllers that are robust against actuator faults and external disturbances. A nominal controller is developed initially, using the adaptive backstepping technique, to stabilize asymptotically the spacecraft attitude when the actuators are fault-free. Additive faults and the partial loss of actuator effectiveness are considered simultaneously and an auxiliary controller is designed in addition to the nominal controller to compensate for the system faults. This auxiliary controller does not use any fault detection and isolation mechanism to detect, separate, and identify the actuator faults online. The attitude orientation and angular velocity of the closed-loop system asymptotically converge to zero despite actuator faults providing the nominal attitude system is asymptotically stable. Numerical simulation results are presented that demonstrate the closed-loop performance benefits of the proposed control law and illustrate its robustness to external disturbances and actuator faults.
Introduction
Actuator faults often cause the control performance to deteriorate and may lead to catastrophic accidents. Faults introduce large structural uncertainties and the resulting safety problems are difficult to solve in both theory and practice. Fault tolerant control (FTC) [1] is a control design strategy that guarantees system stability and acceptable performance. FTC design may be classified into two types: the passive [2] [3] [4] and active [5] approaches. The passive FTC approach designs a fixed controller that is able to tolerate only a limited range of predetermined faults [6] [7] [8] , and once implemented, it compensates for the anticipated faults without any online fault identification. However, passive FTC has a very limited fault tolerance capability and is often designed to be conservative. Active FTC compensates for the effects of component faults by synthesizing a new controller online or by selecting a predesigned controller [9] . Active FTC requires a fault detection and diagnosis (FDD) mechanism to detect and identify the faults in real time, and then the controller is reconfigured based on the identified faults. Errors in fault detection may cause the controller to make wrong decisions. Time delays between the fault detection of faults and controller reconfiguration may lead to time periods during which the system is uncontrolled [10] .
Recently fault tolerant controller designs have been developed for spacecraft attitude control [11, 12] . Jin et al. [13] employed dynamics inversion and time-delay theory to design attitude tracking control for a rigid satellite actuated by four momentum wheels. Full knowledge of the actuator faults was assumed to be known exactly, and external disturbances were not considered. Cai et al. [14] updated bounds on lumped parameter perturbations but only considered failures that are modeled as the loss of effectiveness of thrusters. Jiang and Hu [15] proposed a control augmentation method, similar to adaptive FTC, for the attitude tracking control of flexible spacecraft. Persistent bounded disturbances and unknown inertia parameter uncertainties were explicitly considered using an adaptive backstepping control. Their approach also compensated for two types of reaction wheel faults (additive and partial loss of effectiveness) using sliding mode control. Active FTC has also been used for spacecraft, as suggested in Refs. [16, 17] and the references therein. Hou et al. [18] applied a two-stage Kalman filtering algorithm to estimate reaction flywheel and sensor faults, and then designed two fault-tolerant controllers to compensate for the faults based on online statistical hypothesis tests. Ye and Hong [19] used linear matrix inequality and adaptive methods to design an active fault tolerant controller to compensate for the constant loss of actuator effectiveness on the nominal system. However, these references can only treat a single type of spacecraft actuator fault, and there are few (if any) methods able to handle additive faults and the loss of actuator effectiveness simultaneously.
In this paper, a novel FTC design is investigated to perform attitude stabilization maneuvers for rigid spacecraft in the presence of external disturbances and two types of actuator faults, namely additive faults and the partial loss of actuator effectiveness. A nominal controller is developed initially based on the adaptive backstepping technique, which stabilizes asymptotically the spacecraft attitude when no faults are present. An auxiliary controller is then developed, in addition to the nominal controller, to compensate for both additive faults and the loss of actuator effectiveness. The proposed control law does not require any FDD mechanism to detect the faults, which saves significant computation and decreases the response time of the controller. Lyapunov analysis shows that if the designed nominal controller can ensure the asymptotic stability of the fault-free system, the proposed fault tolerant controller ensures the stability of the system in the presence of faults.
The paper is organized as follows. Section 2 briefly introduces the mathematical model and the control problem of a spacecraft attitude system with faults. Section 3 presents the proposed fault tolerant controller and its stability analysis. The simulation results for a rigid spacecraft are given in Sec. 4 followed by some concluding comments in Sec. 5.
Notation: I 3 denotes the 3 Â 3 identity matrix; jjAjj and jjAjj 1 represent the Euclidean norm and the H 1 norm of matrix A, respectively; jjMjj min is defined as jjMjj min ¼ min i¼1;…;n P n j¼1 jm ij j for matrix M [ R n Â n , and sgn (v) represents the vector sign function, i.e., sgn (v)(i) ¼ sgn (v(i)).
Mathematical Model of a Spacecraft and the Control Problem
This section briefly introduces the attitude motion of a rigid spacecraft, which incorporates attitude kinematics and spacecraft dynamic equations. In terms of components along the body-fixed axes, the spacecraft attitude dynamic equation is [20] J
where
T is the angular velocity of the spacecraft in the body-fixed frame,
T represents the control torque, and
(1) denotes the skew symmetric matrix operator
The modified Rodrigues parameters [21] (MRPs) are used to describe the attitude of the rigid spacecraft relative to any target attitude. This provides the minimal representation of the rigidbody kinematics that is globally nonsingular for eigenaxis rotations up to 360 . The kinematics are then given by
where r ¼ [r 1 r 2 r 3 ] T represents the MRPs describing the spacecraft attitude with respect to an inertial frame, defined by [22] r ¼ n tanð/=4Þ (4) where n and / [ [0, 2p) rad denote Euler's principle axis vector and the Euler eigen-angle, respectively. Note that the dynamic equation of a spacecraft in Eq. (1) assumes that all of the actuators are fault-free, and it is called the nominal system. We now consider two types of actuator faults simultaneously, namely an additive fault, f [ R 3 , and the loss of effectiveness of the actuators represented by a multiplicative matrix d [ R 3 Â 3 . Hence, the attitude dynamic model given by Eq. (1) can be rewritten as
is the actuator effectiveness matrix with 0 < e i < d i (t) 1 and e i is a known constant. The case d i (t) ¼ 1 indicates that the ith actuator is working normally, and 0 < d i (t) < 1 corresponds to the case in which the ith actuator partially loses its effectiveness, but still works all of the time.
For the development of the control laws, the following assumptions are made: Assumption 1. For the additive fault, f, there exists a positive continuous function k(t) satisfying jj f jj kðtÞ (6) Assumption 2. The disturbance T d is assumed to be bounded, and hence, there exists a positive but unknown constant d max such that
Remark 1. The actual output torque generated is bounded due to practical physical limitations of the actuators, and thus, the additive fault is also bounded. Assumption 1 is, therefore, reasonable for an orbiting spacecraft. The external disturbance, T d , acting on the spacecraft is time varying and incorporates gravitational perturbations, atmospheric drag, and solar radiation pressure forces. In practice, these forces are bounded, and hence, assumption 2 is also reasonable.
The control objective of the proposed method can now be stated as: Design a fault tolerant attitude stabilization control scheme for the faulty attitude system given by Eq. (5) such that the following goals are met in the presence of external disturbances and actuator faults (in the form of additive and loss of effectiveness faults):
(1) All of the signals in the closed-loop system are bounded and continuous. (2) The attitude orientation and angular velocity asymptotically converge to zero, that is, lim t!1 r ¼ 0 and lim t!1 x ¼ 0.
Fault Tolerant Controller Design
In this section, a nominal controller is first developed using the standard adaptive back stepping technique in the case when the actuators are fault-free. An auxiliary controller is then designed and used in addition to the nominal controller to compensate for actuator faults.
In order to design the desired control law, we introduce the following new variables
Equations (1) and (3) may be rewritten in the form
which represents a set of general nonlinear equations of motion for the rigid spacecraft and will be used for the attitude controller design.
Nominal Controller
Design for the Fault-Free System. Using Eq. (8), the spacecraft attitude system given by Eqs. (1) and (3) may be written in triangular nonlinear form. The standard backstepping controller design [23] may be applied to the nominal plant given by Eqs. (9)- (11) . Consider the change of coordinates given by
where a 1 and a 2 are viewed as virtual controls and will be designed later. In the following theorem, we summarize our control solution to the underlying attitude stabilization problem by incorporating adaptive backstepping control. THEOREM 1. Consider attitude control for the nominal system given by Eqs. (1) and (3), with assumptions 1 and 2. Suppose that the adaptive backstepping control law is implemented as
the virtual control laws are given as 1,2,3,4) are positive control gains, and d max is the estimate of d max . Then, the closed-loop system is asymptotically stable, that is, the attitude orientation and angular velocity satisfy r ! 0 and x ! 0 as t ! 1.
Proof. The proof uses elements of Lyapunov stability theory and is elaborated in three steps.
Step 1. Consider Eq. (12) with x 2 as the control variable. The time derivative of z 1 is
The objective is to design a virtual control law a 1 to ensure that z 1 ! 0. Choose the candidate Lyapunouv function
Clearly, if z 2 ¼0, then _ V 1 ¼ Àc 1 jjz 1 jj 2 , and z 1 is guaranteed to converge to zero asymptotically.
Step 2. Differentiating Eq. (13), we have
Choose the second candidate Lyapunov function V 2 as
Differentiating V 2 and using Eqs. (14), (18), and (19) yield
Clearly, _ V 2 ¼ Àc 1 jjz 1 jj 2 À c 2 jjz 2 jj 2 , if z 3 ¼ 0, and thus, both z 1 and z 2 will converge to zero asymptotically.
Step 3. Finally, from Eq. (14),
and
Choose the third candidate Lyapunov function V 3 as
With the derived control law, Eq. (15), and the updating law, Eq. (16), the time derivative of V 3 may be calculated as
which implies that lim t!1 V 3 ðtÞ ¼ V 3 ð1Þ exists. By integrating _ V 3 from 0 to 1,
Because the term on the right side is bounded, from Barbalat's lemma it follows that z 1 , z 2 , z 3 ! 0 as t ! 1, and Lasalle's theorem [24] proves the global uniform boundedness of z 1 , z 2 and z 3 . Thus, the global asymptotic stability of the closed-loop system is guaranteed. Moreover, since z 1 ¼ x 1 , x 1 is also bounded and lim t!1 x 1 ¼ 0. The boundedness of x 2 and lim t!1 x 2 ¼ 0 is deduced from Eqs. (12) and (13) . Similarly, the boundedness of x 3 and x 3 ! 0 follows from Eq. (14) and the definition of a 2 . Thus, the proof is completed. n Remark 2. The definition of the new variables in Eq. (8) explicitly incorporates integral feedback of the attitude into the adaptive backstepping control law, Eq. (15). Thus, constant external torques can be compensated and the steady state error can be reduced.
Robust Fault Tolerant
Controller Design Under Actuator Faults. From the above analysis, the proposed control law in Eq. (15) can achieve asymptotical stability of the closed-loop attitude system with fault-free actuators. This controller is called the nominal controller and denoted by u nor . To perform attitude stabilization maneuvers with faults defined by Eq. (5), an auxiliary controller u aux is developed in addition to the nominal controller u nor , to compensate for the actuator faults. Consequently, the control input u to the system in Eq. (5) is
where u nor is given by Eq. (15) and the fault tolerant controller u aux is synthesized as
where d ¼ min i¼1;2;3 e i and k and c are positive constants with k > 1. Proof. Since the actuator faults, d and f, are only introduced into the attitude dynamic equations, the stability analysis for the first and second steps is identical to that for the nominal system. Hence, the analysis below concentrates on the third step.
Substituting the fault tolerant controller, Eq. (28), into the equations of motion of the spacecraft with the actuator faults, Eq. (5), gives
where g ¼ I 3 À d. Hence, the inequality 0 < jj g jj 1 1 always holds.
The candidate Lyapunov function V 3 defined in Theorem 1 is also used here. Substituting Eq. (30) into the time derivative of V 3 yields
Note that the inequalities 0 < d < jjdjj min 1 and k > 1 are used to derive Eq. (31). The analysis used for the fault-free attitude control system governed by the nominal control law, Eq. (15), may also be used for Eq. (31) to conclude that the attitude orientation and the angular velocity are globally asymptotically stable. Thus, r ! 0 and x ! 0 as t! 0. Hence, the control objectives stated in Sec. 2 are achieved and this completes the proof. n Remark 3. Since the fault tolerant control law designed in Eq. (28) does not involve the actuator effectiveness d, FDD is not required to obtain knowledge of d and f and the actuator fault effect is compensated adaptively by the proposed controller. Furthermore, from Eq. (28), the proposed controller can compensate for faults d and f that are either fixed constants or time varying; this will be demonstrated in the simulations.
Remark 4. The control law given by Eq. (28) is discontinuous due to the sign function sgn (Á), which may lead to the wellknown chattering effect. This chattering can excite unmodeled high frequency dynamics and can make the system unstable. To overcome this problem, various smoothing functions may be substituted for sgn(Á); for example, Eq. (28) could be modified to [25] 
where q is time varying and calculated with the method given in Ref. [25] .
Simulated Example
To demonstrate the effectiveness and performance of the proposed control scheme, numerical simulations have been performed using the model of a rigid spacecraft system given in Eqs. For comparison, a conventional proportional integral derivative (PID) controller is also designed and implemented. The PID controller is designed without reconfiguration and given by
where K p , K d , and K I are the control parameters.
To implement the controllers, control and adaptation gains were selected by trial-and-error until a good performance was obtained. The control gain parameters of the proposed controllers and the PID controller are
These parameters are fixed for all of the simulation cases to enable a fair comparison. At time t ¼ 0, the orientation of spacecraft is given by
T with a zero initial angular velocity. To make the simulations more realistic, attitude sensor noise modeled as zero-mean Gaussian random variables with variance r 
where r m,i (t) are the measured attitudes and x m,i (t) are the measured angular velocities. Note that r i (t) and x m,i (t) are the real attitudes and angular velocities, respectively, obtained from the equations of motion, and N(0,r p ) represents a zero-mean Gaussian white noise with variance r p . In the simulations, r p ¼ 0.01.
Case 1-Healthy
Actuators. This case simulates the ideal situation when no actuator faults occur. Figure 1 (solid line) shows the simulation results for the nominal controller (NC) given by Eq. (15) and demonstrates that high control precision and an acceptable system performance have been achieved. This illustrates that the designed controller is capable of maneuvering the spacecraft. For comparison, the nominal spacecraft attitude system is also controlled using the traditional PID controller given by Eq. (33), and the results are also shown in Fig. 1 (dashed line) . The attitude rotational maneuver is successfully performed using PID control, but severe oscillations are excited during the attitude maneuver process with a very large settling time. Although the performance could be improved by different design control parameters, the improvement in the attitude and velocity responses would be limited.
Case 2-Loss of Actuator Effectiveness
Only. In this case, the following partial loss of actuator effectiveness fault is considered. Figure 2 shows the simulated results obtained by including the faulty actuators for three controllers, namely the designed FTC controller given by Eq. (28) (solid line), the NC controller given by Eq. (15) (dashed line), and the PID controller given by Eq. (33) (dotted-dashed line). The FTC controller compensates for the time varying fault, although the system performance degrades to some degree and the settling time increases significantly once the failure is introduced. However, the system ultimately regulates the attitude to near zero within 20 s. Note that larger control forces are required than the NC controller even before the actuators have failed, and this is why the simulated attitude and angular velocity responses are different between the NC and FTC controllers for t<10s. When the NC controller is implemented the partial loss of actuator effectiveness does not change the structure of the controller, but does decrease the control power. The attitude stabilization maneuver is still performed successfully due to the robustness of NC controller to external disturbances. However, the attitude control performance deteriorates severely due to the actuator fault, with severe overshoots in the attitude orientation and angular velocity, and an increased settling time. The attitude control performance with the PID controller is significantly degraded after faults are introduced. The oscillations are further excited after actuator failure, as demonstrated in the time responses of attitude and angular velocity with a significantly increased settling time. These simulations demonstrate the theoretical result that the desired performance of the system can be achieved by the proposed FTC even if the faults are unknown in advance. 4.3 Case 3-Simultaneous Faults. This example represents the severe case in which both additive faults and the partial loss of actuator effectiveness occur. At t ¼ 10 s, each actuator undergoes a partial loss of effectiveness, while at t ¼ 15 s, the actuators also experience additive faults motivated by a stick-type fault. The nonlinearity summarized by Refs. [13] , [14] , and [27] is used to generate the actuator fault scenario defined as Figure 3 shows the results using the three different control laws based on the same simulation conditions. Clearly, the effects of the actuator faults propagate to the spacecraft dynamics and are not compensated by the NC and PID controllers. Significant degradation of the control performance and system instability after the faults are introduced can be observed. In contrast, the FTC controller can achieve the objective of fault tolerant control and does succeed in compensating for the two types of fault simultaneously. Indeed, when the FTC controller in Eq. (28) In summary, for both the normal and fault cases, the proposed controller significantly improves the normal control performance of the closed-loop attitude system, compared to the PID and NC approaches. For the cases with actuator faults, the proposed method gives better results than those of the conventional controllers. As the faults become more severe, the proposed controller still guarantees system stability. In addition, extensive simulations were performed using different control parameters, disturbance inputs and even different combinations of actuator faults. These results show that closed-loop system attitude control stabilization is accomplished with the proposed control scheme in spite of these undesired effects on the system.
Conclusion
A fault tolerant attitude stabilization control scheme was presented for a rigid spacecraft which may experience partial loss of actuator effectiveness and additive faults simultaneously. The proposed controller consists of nominal and auxiliary control actions; the former is used to stabilize the healthy system while the latter compensates for the effect of actuator faults. The controller designs are evaluated using numerical simulation to compare the proposed approach with other available schemes, for several types of faults. The results presented in this paper show that the proposed control scheme can successfully handle unknown actuators faults. However, the proposed fault tolerant control approach places restrictions on the lower bound of the partial loss of actuator effectiveness and on the upper bound of the additive faults. Future research will extend the proposed controller to relax the requirements on these bounds and extend the method to attitude tracking control.
